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Since the discovery of electron as a particle in 1896-1897, the theory of electrons il Pl e
A ax w0 |
in. matter has ranked among the great challenges in theoretical physics. The fun- Computer Snulatons o5
. . . . Matters:
damental basis for understanding materials and phenomena ultimately rests upon %WT:
REEDRRN G RRN
understanding electronic structure. [1] HeTamIATINT
[1] R. M. Martin, FElectronic Structure, Basic Theory and Practical Methods (Univ.
Princeton, Cambridge, 2004).
It is without any hesitation that we assent to R. M. Martin’s point of view and
take it as the first sentence when it comes to writing the introduction of this book e
i,.»}j

on computer simulations of molecules and condensed matters. The electrons, being 2 S
ompu er simuiarions

an interacting many-body entity, behave as a quantum glue which holds most of the of Molecules and
o : . C Matt
matters together. Therefore, principles underlying the behavior of these electrons : o:ci::::imjﬂer

e Moleculor Dynamics

determine to a large extent properties of the system (electronic, optical, magnetic,

Xis-Zheng Li
En-Ga Wang

mechanical, etc.) we are going to investigate. As a consequence, introduction to
the computer simulation of molecules and condensed matters should naturally start &

from theories of electronic structures.

,Iﬁ i i.J 2’ i ok “v«mu Schmic
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One point implied in this statement is that the concept of electronic structures
is polymorphous, in the sense that it covers all properties related to the electrons in
matter. For example, it can refer to the total energy of the electrons, their density
distribution, the energy needed for extracting (injecting) one electron out of (into)
the system, their response to an external perturbation, etc.. These properties are in
principle measured by different experiments and described using different theoret-
ical methods. Therefore, when saying “electronic structures”, one must specify the
specific property of the electrons it refers to and the theory we are using. Among
the various properties and theories in describing the electronic system, we will fo-
cus on the ones concerning depicting the total energies and the spectroscopies of
the system within the ab initio framework throughout this book. For electronic
structure theories based on model Hamiltonian, e.g. the effective-mass envelope ﬁ'é; :“%F 57\ él] ’*] g’, é'] T }é- ﬁ] ’
function and the tight-binding methods, which are equally important in molecular &Lé\go beyond Richard Martin
simulations but will not be discussed here, please refer to the seminal book of R. }']F Zl;;k; o

M. Martin in Ref. [1]. }?\ E] ,fg(f;ﬁ $_ %piy\ gé:;lp{g o
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Variational Principle:

_ {P[H]¥) . P
E.[VP] = Ty, (When normalized) = (LIJ|H|LIJ)
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Variational Principle:
1. Ground State AY, = E W, = Z o,
1
-~ 2
(W[H[¥) = < % A5 1> 6B (Zi i [9) = Zjl | E;

= |col*Eq + Zj=1|Cj| E; = (1 _Zj=1|Cj|2) Eo+ Zj=1|ci|2Ei

= Ey+ Zj=1|Cj|2(Ej _ EO) > E, /ﬁ/ﬂiﬁléﬁih\ﬁ, 5}5%‘] ﬁ%%ﬁﬂ%’fﬁf@*@
Ay, REBBFEEASHIRLG 8RB

2 First Excited State When the trial wavefunction ¥ is orthogonal to ¥,

Y = z Ciqji

<qjlﬁ|qj> = <Z1 1 G ‘H‘Z] 16 J> Zj=1 Gjk; <Zi=1ciqji|qjj> :Zj=1|Ci|2Ei

=l B+ ) IoI°E; = By y ICIKCETN T N—
j= j=
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MHartree 7 &35 AL

In 1927, a year after the publication of the Schrdodinger equation, Hartree
formulated what are now known as the Hartree equations for atoms, using the
concept of self-consistency that Lindsay had introduced in his study of many
electron systems in the context of Bohr theory.

Hartree assumed that the nucleus together with the electrons formed a spherically
symmetric field. The charge distribution of each electron was the solution of the
Schrodinger equation for an electron in a potential v(r), derived from the field. Self-
consistency required that the final field, computed from the solutions was self-
consistent with the initial field and he called his method the self-consistent field
method.

) {53 (AR H )
D. R. Hartree, Proc. R. Soc. London A113, 621 (1928)
(right after Schrodinger Equation was proposed)
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S8 FREBHK: o an) = |aq) o |an) FEAX (Tensor Products)
ﬁe —_ ﬁo + V
HARAT (Negele & Orland#¢#11.2 Systems of Identical Particles)

Bk gk (rp--rylag - an)
= (rylay) - (rylan) = ¢a1(r1) %N(rN)

AR (Negele & Orland#:#t1.3 Many-Body Operators)

N . ~ 1
(r1 "'rN|H0|“1 "‘“N) = _ (r1 "'erhi|a1 “'“N) h; = __Viz + _V(ri - Rj)
1 2 J
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H, = —%Z Vi + Z”V(r1 — R, ) + - mev(r1 —T; ,) YN hi+-= Zﬂtilv(ri — rir)
Yo ,ay = (ry - rylag - ay) = (relag) - (rylan) = ¢a1(r1) ’/JaN(l‘N)

Yo, (1) R )2 —4L,

T 5 E = (P oy |He [Py )
BLAA

1. ftHartree#y4E 22 TW ik A sH#R4L ;

2. 2R, W FHartreeZ gty 2 —ANaRfTHR, B L@V, o F
ay - an IR R T &,

3. BHOMIMEANEST S 65 =5, RMNTAAYL.NETS

AT, ZMTRARZIANAERY, BAVL.NKZE, @WPL.ndEY () 2Yn(ry)

B AL R FIXA T OB, R E Y, (1) By (ry) Lo

D. R. Hartree, Proc. R. Soc. London A113, 621 (1928)
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l/Jl(rl)é' Yn(rp) KT HE, RANFEMNIRRKAER)T—. XA —ATRHF
T, SE® T 5F0 T

L= (Wpon|He|Wn) - Z & (il — 1)
MEn. Lfem™ KA AETF, 5INE fbmuww@%imwi(r)o
FeW, . . 89 ELARTE AN

L= (e n@OlRlya(e) =+ () = Y (Gl — 1
= (1) - P ()| i By + 3 0 v(r1 = 1) 1 () - (i)
-3 @iy -1
= (i) +5 . [ andr( - r) WG Pl ()

N
-> alilyy -1
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The wavefunctions from this theory did not satisfy the Pauli exclusion principle for which
Slater showed that determinantal functions are required.

J. Slater and H. C. Verma, Phys. Rev. 34, 1293 (1929)
V. Fock published the "equations with exchange" now known as Hartree—Fock equations.

Many-body wave function (Permanent#zfe X s Determinant4y 3| X,) :

Per (1, (1) Wy (rn))

l‘IJal...aN = (I‘1 ~--I‘N|a1 aN> =

VN!TIn,!
TR TR A
B 1
LI”al-~-aN — (1‘1 "'rN|a1 "'aN> — Tper (djal(rl) %N(FN))

.)—;Eéy\;(j-% E = (Wal...aNlﬁeltpal"'aN>

V. Fock, Z. Physik 61, 126 (1930)
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THast%: E= (Lpal---aNlﬁellpal'”“N>

PLEA

1. R FH YA

2. WTHENE—ANALRETERE, L@V, . qn T o an WG EE,
3. TEHMERINASE S, 6% =%, RNTRAYL.NET

Flot, EZ6E2R:
HEMHLEIANAZTAY, BV, .n02%, MPL.NBY; R Xk, SHartrees
ERRRR T, WTHRETFR®E, )iEINMRROMAN, FH—EAnN, TURALERE
— . B, BRMAETSEE, RHROGMAZY O X, €RAY; + 6P, A
R, BEEBE AATE T H#ATRAE G E, 20 () + 6i(r).

V. Fock, Z. Physik 61, 126 (1930)



T I FRME. Hartree-Fock & &

AR AT IR 89 0% R 2K

Pi(r) Pi(r) - () Pal) e ()
‘Pz(}l) Ebz.(l"z) ‘Pz.(l‘i) lllz(rj) o Pa(rN)
I/Ji(.l‘1) I/Ji(.l‘z) lpiéri) wi(rj) l/Ji(:I'N)

1/’;'(.1"1) llij(.l"z) l/Jj(.Fi) l/Jj(:l‘j) l/)j(.rN)

I/JN.(I‘1) I/JNtl‘z) 1/JN.(1‘1) IPN.(I’]') I/JNC‘N)
HFESTE, RN FHERIEY,TAY + 0P AR, SHREZHETA:

l'I"l...N + 51{’1...1\]
iy (ry) () P (r7) (1) o1y (ry)
1/12 (ry) P! (I"z) Y2 (r;) ’ P! (rj) 1/12 (FN)
_ 1w ) b tbi(ri) <) lpl(rN)
l/J] (rl) + 51/J] (rl) l/)] (rz) + 6¢] (rz) l/)] (rl) + 51/)] (rl) lpj(rj) +57~/)] (rj) lpj (rN) + 5¢] (rN)
In) () () () ()
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FeHartree 77 ik XL, BAIN EZREFEBHNEZRELRZRER T —, AZXIHFE—ANRE T, SSEHTH

FHF A _ N
L = (Ve ay|He| Py ayn) — E | 1Ei(<i|i>_ 1)
1=

RXEHF — R P EAE B BT, S8 5] NLR-A T KM E kT 0% 12
TaERMNBEY, KRR IBYEA LT, ZE-ANDHTRG, 240 H ZHR R

lpl...N + (S‘Pl...N
P (ry) ¥ () Wy (1) (1) o Py (ry)
1/{2 (r) P2 (1‘.2) 1/J2(1’i). ¥, (1) = Pa(ry)
1| e TGS I e 2wl e i)
VNI : : 3 : g : -, :
Yi(ry) +6¢5(ry)  P5(rp) + 69(ry) -+ Pi(ry) + 8y(rp) = P (r;) + §i(r;) - Pi(rn) + 8 (ry)
UnG)  Un() SN ) () TN

PRI EE, —MIAIRANR, FRHA—ARRK, AOYHTHK. TR Y, FEE
BN L, PRGN — . B, ARDOYE, BRI SN B 50Tk
T
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(8;|hs|yy) +e.c.
FaHartree 77 2 bk, 324580 B B F3f 9 A 324580 B = TAL 69 W ak-T
—€{8j[ih)) — c.c.
TR RNAEFRKILFIS. BT MIRH T, RMNELLH SRR

Lpl...N + 5LIJ1...N
s (ry) h1(r2) s (1) S 210) < Py (ry)
1/’2 (ry) Y, (r.z) 1/12(1‘1) Y, (1‘]) l/Jz (I’N)
L wra ZCONE Iw @] - )] - owew
VNI .
Y;(ry) ‘|‘ 5¢] (ry) ¥ (rz) ‘|‘ 5% (ry) - Il/J] (ri) + 5¢1 (rl)l I Y; (r]) + 51,b](r])| : l/J] (rn) + 51,0] (ry)
l/JN(l‘1) l/JN(l‘z) 1/JN(1‘1) l/)N.(rj) 1/JN(1‘N)

R AMEERGEANETFELERZ]GSHIE, BNZ4E2HLEL+ LE R A& —44, 6L
AR, RA Z—PLAE] —MEAES NS (LA B, F3F6LA Tk,
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HEa T, BANAEGKL T @EXANAZHT I 89 AR5
1
5 [1/11* (r;) (1/11* (ry) + 89y (r]-)) - (I/J]* (r)) + 85 (ri)) 1/Ji*(rj)] v(ri — 1) l'ﬁi(l’i) (‘Pj (r;) + 5¢j("j)) - (lpj (r;) + 8Y); (I’i)) l/Ji(I’j)]
M2
1
2 [lp; )Yy (ry) — Y5 )i (rj)] v(r = 1) [i ey () — ¥y (1) |
M. AR, REH—F, LAETA, A
~7 ()85 (v (xy = 1) )y (1) + 5 895 )i (v — )y (i () +ec
1 * * 1 * *
- 51/)1 ()85 (r)v(ry — 1) i) — E5¢j )y (ry)v(r; — )i (DY (r;) — cc.

L5 —ATxTr Ry aE, TREE—R, Tk
j dr; f dr; I/Ji*(ri)&/)]-*(rj)v(ri — rj)t/)i(ri)lpj(rj) + c.c.
B AT AT AR 69 AR, 7T VA SlE—H, B

— j dr; J dr; wf(ri)&/)j*(rj)v(ri — rj)tp]- (ri)tpi(rj) — C.C.
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SR, BT
(tp;[hj[y) +e.c.
AR A2
f dr; j drj i ()8 (1) v(rs — 1) ey (1) — f dr; f drj i (1) 85 (1) v(ri — 1)y () + c.c.
FAEB B B T3
—€i{0Wi[i)) — c.c
ZH AR, o RBEMNZREGEEY B 2369 () Bo AR, XA R KT 260 X F

A
hyhi(15) + Zisg J dri Y5 Y; V(i = 1)5(r5) = Zigg S dri 5 ;e v(r; — 1)wpi(15) = €55(xy)
X AT VA5 AR,
— Vi) + X v(ry — Ro) vy (ry) + J dry nCev(r; — )y (ry)
—Z f dr; i () (r)v(r; — 1) i(ry) = ()
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LA, FZREBRAARYE, HREZIEEIRGG A A1 = jeg3048 LY

X T e, CHARMNEALXFTR, F—MERXFTX, h2ZEMNEHXLZHEL: (Yo, anHe| Ve, ay)
2 R4

~ 1 1
= Zl<l/)1|h1|l/)1> + EJ dri J dl"il n(ri)n(rir)v(ri — I'il) — EJ dri j dl"] w:‘(rl)l,b]*(r])v(rl — r])l/)] (ri)lpi(r]-)
% A7 X, FeHartreeHik—4, PlAIEELZMH Finfe, FRE S HG1/250, EXHA:
1 1
E = ZiEi — E_f dri f dI‘il n(ri)n(rir)v(ri — I'il) + Ef dri f dr] l/)f(rl)l,lj]*(r])v(rl — I'])l/J] (ri)tpi(r]-)

XEABERAGE, RMNT—F 2BEHXAL A%, FHartreedTth, 32 S 7T XM, XK
eI & 45 AE A A By BT o
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XERTG, WmwERMNA—ANEZo0E5 kE B, BMNTUA TR SERGTE RS

Hede BATT AR T & A FAT Al SRR S R Ry AR
f=h+ 2(], K;)
b R =~V + Y v - RO
Jd = [an e - e R = [ ) - )
PRBRBTARL: )= i) AL LK 3k B 44K A Fock Operators

%%%,&Wugﬁﬁgi%ﬁ{.

N N
R = thw +§ZZ<¢¢J|V|¢¢,>
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e

Il
[y
N
Il
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Koopmans Theorem

&7, Koopmans Theorem 2193432 H 69 i 4%, sK3L T XAEF—ANF I fEfrozen orbital approximatdon#giER T,
Hartree-Fock Approximation 2 @ AR ANFLAE B B B TAI R RS M b BESREFMRKRKEESR T, LA
HOMO. LUMO, ZAMEZ L. EMNOHEZTXL, ZEMNHHNFE B-F6 8B HFaEfobk,

T. Koopmans, Physica. 1, 104-113 (1934)

Gk, HADFTE mLA Exs-F4iE, LA Efe, B —/F & ikoopmans theoremo [ B, 1R R ZZ % -F
ML, REBH L TFHE. ANTESARZA B A LF Lo

AN E LR, EANFHOMOTE Ha, LUMOIE Hr. XﬂLHOMO H:
= (alAlpa) +Z atly[v]1paty)

j=1 N N N

o s 1

TR EHL? BMAERANS ©F RGO LR, EANET A4, Z +§ZZ Vi |v|viy)
HOMOZ#K & 3% i=1 i=1 ]

N-— N-—
1
BAAEN-1EF A%, HOMO# &, F4 & 4 : Enoq = Z (;|h|;) iy Z ;| v|ig;)
i=1



Koopmans Theorem

R KA 1 &
Ex — Ex-1 = (alB],) zz Patly[V[atty) + Z«p Palvipipa)

]:
= <¢a|h|¢a> ZN= (1/)a1/)1|V|1/)a1/J])_€a
TLUMO, 8 3 74—+
Ent1 —En = €

AT #2 : Frozen-Orbital Approximation o ANATH P AR Ko To cure this problem, L2 & k& & AGW UL
community /& 49 48, X 49— AN fRFancy 9 5235, 2 ARPES,



Post-Hartree-Fock Methods

Hartree-Fock 3t B MR R 2409 1. 2B -FIRKAR; 2. LAMEAER % B-FIKZ,

Infinite basis set results
O O Eexact =-2.90372a.u.
Error ~ 26 kcal mol-'!

H He
MlAAMRE? A% wmAMEAER (FIF) .

Two electrons
E, =-2.86168a.u.

One electron
E, =-0.50000a.u.
Eoyact = —0.500 00 a.u.

Pi(r) Pa() - Pa(r) Yary) - Pa(rw)
P! (.1"1) 7! .(1‘2) ) .(I‘i) ¥, (1) Y2 (ry)
BT [ SIS R ERE SR
Y (.F1) Y; (.1"2) Y; (.Fi) Y (}‘j) Y;(ry)
l/)N.(rl) 1/JN&1‘2) 1/JN.(1‘1) le'(rj) leérN)




Post-Hartree-Fock Methods

W ik, =FF:

1.285MEAAR (CI) 2%, R KEMZ A idSlaterf7 3] X 09 KL LA A6 & £ B0

Hb, REANCIHFERAZLBRHAF 742, A — Ry 2 - TFHia, RGBdSlaterfTH XF R IRIE O GHBEHF I, 4
M Z, BT EHENMTIXRITEANETA$, BAMAI TR, HAIRIERAH, tmAL S ETSE5MERA

Y F e -
|H— ES | = (e y_ qIF_l_EE ny’ +EE A

i<j r<s

X F ) —ANRAE AT AN, LRRHFREE TS, AREEST L0748 ZE RO E, LFH K
A IR?

do RARERTFOIE, ZALZRMREKRZ B FHEANAL, @2 Zsingle. double excitations, XAFA R T, X4
HAAANF BLEGCISD . XA BHE AT — A% A HE#SCE /= 4 69 #LiE 38 7T 1A,

o RIREREITTO IR, R FERET OGRS CTHANAS, R LAHFE HF Z4update, FHMEXAGETF. X
Aupdate, RALTAEFH B KL MALS, RAFH BB AIE . XA AAANF i multiconfiguration self-consistent
field (MCSCF), tedw: CASSCF (Complete active space SCF) ILASSCP‘(RﬁsnhxedacdvespaaasCP) o



Post-Hartree-Fock Methods

F M ZMCSCE AL #Lid &, EMCL, H 3t Z AT 549 Multireference CI (MRCIL) , —# 44K % 4% golden
reference.

{2 3o 77 KRR A IR A ARAR ), R Z LR T @A ERARLILFR TR,

AT 75 %, Moller-Plesset (MP) Perturbation Theory

N

AN F @I HO AR ZEARET, M hfemE LN, T2 —FH T, wfd—F, ZHF; /nfe3|
—H-, EMP2; =H-, ZMP3; Wk, ZMP4, &I EMP24E £ R4F,

Jo B AKX AT AR P ARAL T 3iE, #E 2 CASPT2. RASPT2,

3. #54#% (Coupled Cluster) 77 ik
W) = eT|W,)
AT R @R EEG —ANAR B A cluster operator, WK AT. T AG 2 OAHBELY, 2RNAE LT a4
single. double excitation (CCSD) , 122 & T35 /& 7, disconnected clusters By &F 2 49 25 &% Z 1 & 7T A L4 it &
89, XANFeRPAFKRAGH T, RREEHEH XN R ZH, (2RESF L5 Mo XA L 3T 69 A8 B8R
© RENZEFNGENNBRAELL. AT EOAR, HEABAHARETH.



